ABSTRACT Field and laboratory tests were done to determine effects of application technology, plant age, Bacillus thuringiensis (Berliner) subspecies, and rate of application on mortality of 2 populations of diamondback moth, Plutella xylostella (L.). One population was susceptible (Geneva 88) and the other (Loxa b) was resistant to Bacillus tlwringiensis subsp. kurstaki. In the field, a knapsack, a drop nozzle, and an electrostatic sprayer were used to apply Javelin WG (6.4% [AI] (B. thuringiensis subsp. kurstaki) and XenTari WG (3.2% [AI] (8. thllringiensis subsp. aiZllwai). Laboratory bioassays were done with sprayed leaves. Method of application significantly affected efficacy of B. thuringiensis. Compared with the other two sprayers, the electrostatic technique showed significantly lower variation between plant sections. Efficacy of XenTari increased 2-fold when applied with the electrostatic sprayer. Mortality of Geneva 88 with either formulation was >90% even at the lowest rates tested, but Javelin was significantly more effective compared with XenTari. Mortality of Loxa b with Javelin was <60% even at double the recommended field rate. Susceptibility of Loxa b to XenTari remained constant across generations, whereas resistance of Loxa b to Javelin decreased from 624-fold at F2 to 41-fold at F6 in absence of selection. Javelin and XenTari did not show cross-resistance although they share some of the S-endotoxins. Studies with individual toxins are needed for a better understanding of the use of B. thuringiensis subspp. kurstaki and ai;:;awaiagainst resistant P. xylostella.
in a field experiment with cabbage was also reported in the Philippines; the authors suspected resistance (Kirsch and Schmutterer 1988) . With 1 exception described by Shelton et aI. (1993) , resistance studies have relied on laboratory results and no data from the field other than general observations of the growers have been reported. However, several factors may be involved when a farmer experiences lack of control. Without concomitant documentation of resistance by laboratory and field experiments, both growers and scientists may only speculate about resistance when they observe control failures. Other factors such as application technology, timing, rate of application, and weather conditions can affect control of an insect population.
The efficacy of foliar sprays of insecticides depends in part on the spatial distribution of the active ingredient throughout the surface of the plant (Law 1982) . In cabbage, spray coverage is critical because P xylostella larvae have a tendency to feed on the underside of leaves or in hidden places of the plant (Harcourt 1957) . Smith et aI. (1977a) reported differences in mortality for Trlchoplusia ni (Hi.ibner) exposed to soybean leaves treated with JOURNAL OF ECONOMIC ENTOMOLOCY Vol. 88, no. 5 B. thuringiensis subsp. kurstaki with use of different types of hydraulic nozzles. Similar studies showed that application rate was more important than droplet size and density (number of droplets per cm 2 ), but the latter 2 factors were also positively and significantly correlated with T ni mortality (Smitll et al. 1977b ).
The application devices preferred for use by cabbage growers have not been documented, but 90% of pesticides are sprayed with conventional hydraulic nozzle sprayers (Law 1983) . Depending on the resources available to the farmer, spray equipment varies from knapsack sprayers with a single hydraulic nozzle to tractor-mounted equipment (Kirsch and Schmutterer 1988 , Adams 1992 , Andrews et al. 1992 , Talekar and Shelton 1993 . When B. thuringiensis (Berliner) formulations are sprayed with conventional terrestrial application equipment, the volume of water used for P. xylostella control ranges from 300 to 900 literslha (Adams 1992) .
With the advent of electrostatic application, improvement of the efficacy of microbial insecticides may be possible because electrically charged droplet deposition on the plant is greater than that obtained with conventional hydraulic nozzles (Law 1982) . More detailed description of the physical principles involved in electro.static spraying was reported by Law (1983) . When B. thuringiensis subsp. kurstaki was applied in field experiments to control T ni in broccoli (Law 1980) , better control was achieved when the microbial insecticide was applied with an electrostatic sprayer, and only 1,2-1h the recommended dose per hectare was required compared with the dose applied with a conventional sprayer. The volume of total mixture per hectare applied with the electrostatic sprayer was 8-fold lower than that with conventional sprayers.
From the cmcifer grower's perspective, few options are available to enhance the efficacy of P. xylostella management by using B. thuringiensis formulations in the field. Assuming no cross-resistance between B. thuringiensis formulations, the farmer can either switch from one B. thuringiensis formulation to another with different B-endotoxin composition, increase the dose of active ingredient per hectare, or modify the application method.
The objective of our study was to explore onfarm management practices that cmcifer growers could implement against P. xylostella populations when using B. thuringiensis toxins. We did field and laboratory experiments to determine the effects of application technology on the efficacy of 2 B. thuringiensis formulations against susceptible and resistant P. xylostella. We also conducted tests to compare the dose-response lines of susceptible and resistant populations to 2 commercial formulations of B. thuringiensis.
Materials and Methods
Effects After each application, the spray was allowed to dry for 1-2 h. Five leaves (located on the upper, middle, and lower part of the plant) were collected from the treated plots. The leaves were taken to the laboratory for insecticide residue bioassays. Two disks (6 cm diameter each) were obtained from each leaf and placed in individual plastic Petri dishes (100 X 15 mm). A filter paper wetted with distilled water was located at the bottom of each dish to provide moisture. Five to 10 larvae (5 d old) of 2 populations of P. xylostella were placed in a petri dish containing a leaf disk. One application was done at each of 3 cabbage growing stages: precupping, early head formation, and head filling (Andaloro et al. 1983) . In all cases, the larvae were allowed to feed for 72 h at 26 :!: 2°C, 50 :!: 10% RH, and a photoperiod of 16:8 (L:D) h, after which mortality was recorded. A larva was considered dead if it did not move when prodded.
Sprayers. Three types of application equipment were used in this experiment. A tractor-mollnted, air-assisted electrostatic sprayer (Electrostatic Spraying Systems, Watkinsville, GA) was calibrated to deliver 47literslha. Four nozzles per row of cabbage delivered =50 em above the plant canopy. The 2 nozzles in the center were in a vertical position; the 2 on the sides were at a slight angle toward the inside of the row. An assessment of the electrostatic charge was done before each application; all nozzles delivered droplets negatively charged with the current measuring 5-7 microamperes in the spray cloud. The amollnt of fluid and atomization delivered per nozzle resulted from 2 types of pressure: the liquid pressure given by tbe tractor-driven hydraulic pump (1.4 kg/cm 2 ) and the pressure (1.75 kg/cm 2 ) given by the air pump at the tip of the nozzles. The air-flow was 0.11 m 3 / min per nozzle.
A 12-liter knapsack sprayer (SOLO, Model 425, Newport News, VA)with a single hoIlow-cone nozzle was used to simulate a typical pesticide application device used by smaIl-scale cabbage growers in developing countries. Applications with the knapsack sprayer were done at 3.15 kg/cm 2 and 200 liters/ha. When the cabbage plants were sprayed, the nozzle was held at 45-50 em above till' plants. TIlt' 3rd type of equipment was a CO2-assisted drop nozzle sprayer that was calibrated to deliver 360 Iiters/ha at 3.15 kg/cm 2 with 3 hollowcone nozzl{'s per row (1 in the center and 1 on each side). A spreader-sticker (Bond, Loveland Industrit'S, Loveland, CO) was added to all treatments at 0.2% vol:vol to enhance spray deposition.
Bacillus tllllringiensis Formulations. Javelin (B. thurill{!,iclISis subsp. kurstaki) was applied at 1.12 k~formulated material per hectare. We also applied XenTari (B. thuringiensis subsp. aizawai) at 0.56 kg formulated material per hectare. These rates were the recommended field rates of both formulations and were kept constant throughout the experiment.
Plutella xylostella Populations. We used 2 diamondback moth populations in these studies. Geneva 88, previously characterized as susceptible to B. thurillgiellsis subsp. k!lrstaki formulations (Slwlton et al. 1993) , had been reared in thc laboratory (New York State Agricultural Experiment Station, Department of Entomology, Geneva, NY) for >92~enerations without exposure to any pesticide. The other population, Loxa b, was characterized previously as resistant to B. thuringiensis subsp. kurstaki formulations (Javelin, Dipel, and Dipel 2X). Loxa b was collected in April of 1992 from a commercial field in a major cabbage-growing n'gion of central F]orida (Loxahatchee, Palm Beach County). Leaf-dip bioassays done by SheltOil et al. (1993) revealed that F 2 Loxa b had an LC:;oto Javelin that was 624-fo]d higher than the correspondin~LCso of Geneva 88. In the same study, the Loxa b population was tested for resistance to XenTari and had an LCso 2.8-fold higher than the Le:;o of Geneva 88. A similar bioassay done with F6 Loxa b in the absence of selection showed an LCso of Javelin 41-fold higher than the LC:;oof Gem'va 88 (C.J.P., unpublished data). The larvae of the 2 P. xyZostella populations were reared 011 rape seedlings, Brassica napus L., as described by Slwlton et aJ. (1991) before exposure to the B. thurill{!,iellsis residues on leaf disks.
DOlle-Response Field Test. Six rates of commercial formulations of both Javelin (0, 0.28, 0.56, 0.84, 1.12, 1.68, and 2.24 kg/ha) and XenTari (0, 0.28, 0.42, 0.56, 0.84, and 1.12 kg/ha) were applied to plots of cabbage at the head-filling stage. The CO2-assisted drop nozzle sprayer described above was calibrated to deliver 300 liters/ha of spray mixtun' at 3.15 kg/cm 2 . A spreader-sticker was added as in previous tests. A typical cabbage plot contained 46-50 plants arranged in 6 rows (each 4 m long). In the field, each treatment was replicated twice. The spray was allowed to dry for 1 h, after which 5 It'aves per treatment (numbers 14-16 counted from tIlt' bottom part of the plant) were collected from phmts sdected at random. The leaves were takt'n to the laboratory for an insecticide residue bioassay as described above. Leaf disks (6 cm diameter) were cut from the treated leaVt'sand placed in petri dishes. Eight to 10 2nd- instar P. xylostella of either Geneva 88 or Loxa b populations were placed into each petri dish and allowed to feed for 72 h, after which mortality was recorded. A larva was considered dead if it did not move when prodded. In the laboratory, each treatment was replicated 5 times. Analysis. We lIsed analysis of variance (ANOVA; GLM procedure [SYSTAT1992]) to test for effects and interactions of application technology, B. thuringiensis subspecies, P. xylostella population, and within-plant mortality variation at 3 sections of the plants. ANOVAfollowed a 4-factor factorial model and was performed for data obtained at each of 3 crop stages. Eventually, overall data were pooled to perform ANOVA following a 5-factor factorial modeL The purpose of the latter procedure was to determine persistence of factor effects throughout the experiment.
The dependent variable was the arcsine-transformed square root of the proportion of dead ]arvae (Snedecor and Cochran 1989) recorded from each petri dish. The Abbott (1925) correction formula was used to correct for mortality in the control groups. When a treatment or interaction was significant, their means were separated by the Tukey highly significant difference procedure (P < 0.05 [SYSTAT1992]). We report backtransformed means of the treatments or their interactions.
We used the probit regression (POLO [Russell et aL 1977] ) to estimate the LDooand corresponding 95% CL of Loxa b and Geneva 88 to Javelin and XenTari. We used POLO to conduct tests of parallelism and equality of the responses of 2 populations treated with the same formulation and the response of a population treated with 2 formu]ations. Two slopes were considered significantly different when P < 0.05. Relative toxicities were also estimated to compare efficacy of 2 formulations on the same population,
Results and Discussion
At precupping stage, 839 P. xylostella larvae were exposed to the different treatments. In the next 2 crop stages, the number of larvae tested was increased 2-fold. We used =4,000 larvae for our experiments ( 
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., Signillcant effect, 0.01 < P < 0.05; •• , highly~ignillcant ef. feet, P < 0.01. ogy on P xylostella mortality was highly significant and interacted significantly with B. thuringiensis subspecies and leaf position within the plant (Table  2) . ANOVA done at each crop stage revealed that the interaction between application technology and B. thuringiensis subspecies was highly significant at early head formation and head-filling stages (P < 0.0001 and P < 0.001, respectively; Table 3 ).
Variations in mortality associated with application techniques were not significant (P > 0.05) at precupping stage, when fewer leaves were on the plants and each leaf was more exposed. As the plants developed toward head formation and headfilling stages, however, leaf coverage became critical and the performance of the electrostatic sprayer was significantly better than that of the other 2 application techniques (Table 3 ). The significant interaction between application technology and crop stage (Table 2) confirmed the significant variations caused by application technology across the 3 crop stages. No significant differences were observed in the overall performance of the knapsack and drop nozzle sprayers (Table 3) . (Tables 4  and 5 ). B. thuringiensis subspecies and P xylostella populations interacted significantly throughout the experiments (Tables 2 and 5 ). Although mortality of Loxa b from Javelin and XenTari differed significantly at precupping, they had little practical importance because tllOse mortality levels were consistently low. Mortality of Geneva 88 larVae at early head formation and head-filling stages was significantly higher when exposed to Javelin in comparison with XenTari (Table 5) .
The relatively better performance of Javelin against a population that is assumed susceptible to both B. thuringiensis subspecies may be a result of differences in application rates and concentration of active ingredient (see above). Javelin was applied at 1.12 kglha, whereas XenTari was applied at 0.56 kg/ha. Compared with Javelin, mortality of Loxa b from XenTari was significantly higher (Ta- Table 3 . Average percentage of P. xylostella larvae mortality ± SD expressed us a fWlction of the interal'tioll between application technology and B. thuringiensis subspecies A significant interaction of application technology, B. thuringiensis subspecies, and leaf position within the cabbage plant at early head formation is illustrated in Fig. 1 . Loxa b mortality showed little variation among leaves when exposed to residues of XenTari applied witll the electrostatic sprayer. However, when applied with the knapsack or drop nozzle sprayers mortality caused by XenTari was usually low except on tlle lower leaves; mortality of Loxa b varied widely across leaf positions (Fig. 1) . Genetic Effects.
The differences in responses of Loxa b and Geneva 88 to the 2 B. thuringiensis subspecies accounted for most of the variations in mortality ( Table 2 ). The overall average mortality sprayer, the average efficacy of XenTari against Loxa b was :560%. Failure to control Loxa b witll conventional application devices raises concern about tlle appropriate rate of XenTari, and we recommend a change in its current field application rate.
Field Tests. There were significant dose responses, as determined by significant slopes, for all but Javelin when used against tlle Geneva 88 population ( Table 6 ). In that case, the shallow slope of the response resulted from mortality >90% at all rates tested. The calculated LDgo of tlle Geneva 88 population to Javelin (0.26 kglha) was lower than the recommended rate indicating that susceptible populations may be controlled by Javelin at rates <1.12 kglha. The LDgo of~enTari against Geneva 88 (0.5 kg!ha) was close to the recommended rate of application in the field (0.56 kg! ha). The LDgos of Loxa b from Javelin and XenTari were 24-and 3.2-fold higher, respectively, than the corresponding LDgos of Geneva 88 from the same materials. Shelton et al. (1993) and Tabashnik et al. (1990) , strongly suggest that a resistance monitoring program is needed for B. thuringiensis sub- species and that such programs should include judicious use of this material to delay the onset of resistance. Because only operational factors can be manipulated at the level of the farm to delay the onset of resistance (Georghiou and Taylor 1977) , we encourage farmers and researchers to use more efficient pesticide application methods and constantly to review the application rates of B. thuringiensis formulations.
Our results indicate that the use of an improved application technology such as the electrostatic application technique is equivalent to a "low dose" resistance management strategy (Tabashnik et al. 1991, McGaughey and WhaIon 1992) . The high efficacy obtained with the electrostatic application device at low rates will reduce the number of treatments per season, thus increasing the time of onset of resistance. Appropriate choice of B. thuringiensis subspecies is of great concern in the field. Despite the similarity of slopes, Javelin seems to be a better choice than XenTari to manage susceptible P xylostella. Although cross-resistance to Javelin and XenTari was not apparent, a rotational scheme for management of resistant P xylostella and B. thuringiensis subsp. kurstaki does not seem appropriate for 2 reasons. First, this approach assumes that resistance will decline over time. Tabashnik (1994) noted that four to 6 generations are required to achieve a 10-fold reduction in resistance to B. thuringiensis toxins in P xylostella. We do not know, however, how many generations without exposure are necessary for complete restoration of susceptibility. In at least one population, resistance has been shown to be relatively stable over several generations in the absence of selection pressure (A.M.S., unpublished).
Second, XenTari contains CrylA toxins, which are also present in Javelin and other commercial formulations containing toxins of B. thuringiensis subsp. kurstaki (for example, Dipel, Dipel 2X, Biobit, Thuricide).
Such commonality of toxin composition suggests that the use of XenTari to control resistant populations will tend to select for resistance to the above toxins.
Integrated management of P xylostella will depend on the conservation of its susceptibility to B. thuringiensis. More effort should be invested in developing application techniques that result in high control efficacy at low application rates and at low cost. Additional research on the ·efficacy of individual toxins is needed to design possible B. thuringiensis resistance management by use of toxin rotations.
